Abstract-Diatoms are an important functional group of marine phytoplankton because of their role in the fixation of atmospheric carbon dioxide (CO 2 ) and transfer of organic carbon to deep waters. Carbon-concentrating-mechanisms, such as active CO 2 and bicarbonate (HCO ) uptake and carbonic Ϫ 3 anhydrase activity, are believed to be essential to marine photosynthesis, because the main carbon-fixing enzyme, ribulose-1,5-bisphosphate carboxylase-oxygenase, is less than half saturated at normal seawater CO 2 concentrations. On the basis of short-term inorganic 14 C uptake experiments, Tortell et al. (1997; Nature 390: 243-244) recently argued that marine diatoms are capable of HCO uptake. However, as discussed
in accord with predictions based on stable carbon isotopic fractionation data. Combining isotopic disequilibrium experiments with continuous growth cultures and stable isotope fractionation experiments is a powerful tool for understanding the response of oceanic primary producers to anthropogenic CO 2 emissions as well as for interpreting paleoceanographic carbon isotope data.
Because of the effect of atmospheric CO 2 on global climate, there is increasing scientific interest in the ocean and its biota as potential sinks for anthropogenic CO 2 (Falkowski et al. 2000 ). An increase in atmospheric CO 2 could be buffered by a stimulation of marine photosynthesis. However, this negative feedback mechanism relies on the assumption that marine photoautotrophs are CO 2 limited and that an increase in dissolved CO 2 concentrations will intensify algal productivity (Riebesell et al. 1993) .
Inorganic carbon has rarely been considered a limiting factor to marine phytoplankton growth because of its high concentration in seawater. However, Ͻ1% of the dissolved inorganic carbon (DIC) in seawater exists as CO 2 (Millero 1995) , the substrate for ribulose-1,5-bisphosphate carboxylase/oxygease (Rubisco). The activity of Rubisco is less than half-saturated at normal seawater CO 2 concentrations (Badger et al. 1998) . To circumvent the catalytic inefficiency of Rubisco, aquatic photoautotrophs have evolved ways to actively increase the CO 2 concentration in the vicinity of Rubisco through processes called carbon-concentrating mechanisms (CCMs). Active transport of CO 2 and/or HCO and Ϫ 3 active conversion of HCO to CO 2 by carbonic anhydrase Ϫ 3 (CA) are putative CCMs (Badger et al. 1998) .
The process by which phytoplankton acquire DIC is still the subject of debate (Laws et al. 1997; Keller and Morel 1999) and remains a methodological challenge because of the difficulty in distinguishing between HCO and CO 2 up-Ϫ 3 take. Herein, we present an approach that combines the isotopic disequilibrium technique (Espie and Colman 1986) with continuous culture methodology (Laws and Bannister 1980) . Combining these methods allowed us to perform short-term isotope disequilibrium experiments directly on axenic cultures without concentrating the cells (cell damage and the release of intracellular CA could occur during the concentration of cells by centrifugation) and to estimate directly the percentage of DIC uptake accounted for by CO 2 under a variety of environmental conditions. In conjunction with the isotopic disequilibrium experiments, stable carbon isotope analyses were used to determine how changes in inorganic carbon supply and demand influenced carbon isotopic fractionation ( p ) (Laws et al. 1995) . The short-term disequilibrium results can therefore better constrain carbon isotope fractionation models used to estimate ancient CO 2 concentrations (Jasper and Hayes 1990; Bidigare et al. 1999) . We chose to study Phaeodactylum tricornutum because, although not ecologically significant, this species has been the subject of numerous inorganic carbon uptake studies (Rees 1984; Patel and Merrett 1986; Burns and Beardall 1987; Dixon and Merrett 1988; Colman and Rotatore 1995; Rotatore et al. 1995; Iglesias-Rodriguez and Merrett 1997; Burkhardt et al. 2001) .
Culture conditions-Axenic cultures of the marine diatom P. tricornutum Bohlin (Clone UTEX 642, Culture Collection of Algae MCDB, School of Biological Sciences, The University of Texas at Austin) were grown on modified (100 or 200 M nitrate) f/2 medium by use of 0.2-m sterile filtered surface seawater collected from the Hawaii Ocean Time-series, Station ALOHA (Karl and Lukas 1996) . The cultures were maintained in nitrate-limited chemostats at constant temperature (22ЊC and 16ЊC), salinity (34.8‰), and irradiance (21.6 mol quanta m Ϫ2 s Ϫ1 ). Light was provided by a bank of daylight fluorescent bulbs. The dissolved CO 2 concentration was controlled by mixing CO 2 -free air with air containing 2% CO 2 by use of mass flow controllers. Cell concentrations in the chemostats were ϳ10 6 cells ml Ϫ1 but varied depending on the growth rate.
Chemical and stable isotope analyses-Cultures were considered in steady state when the day-to-day variability in the DIC isotopic signature was within Ϯ0.1‰. Sampling for particulate organic carbon (POC) isotopic analysis and for isotopic disequilibrium experiments was not begun until the culture had completed at least four doublings at a given growth rate. DIC and ␦ 13 C DIC were determined as described elsewhere (Kroopnick 1985; Laws et al. 1995) . The distribution of carbonate species was determined from temperature, salinity, total alkalinity, DIC, and phosphate and silicate concentrations (Roy et al. 1993; Millero 1995) . Total alkalinity was determined by computer-controlled Gran titration. The precision and accuracy of alkalinity and DIC measurements were Ͻ8 eq kg Ϫ1 and 10 M, respectively. The analytical uncertainty for the carbon isotopic analyses was Ͻ0.1‰.
Samples (25 ml) for isotopic analysis of POC were filtered on precombusted Whatman GF/F glass-fiber filters and were kept frozen until analysis. Samples were vacuum dried and oxidized (with cupric oxide at 700ЊC overnight) in precombusted vicor tubes. The CO 2 released from the oxidation of the POC was cryogenically distilled. The amount of CO 2 was manometrically measured to determine the POC concentration. The CO 2 isotopic signature was then measured on a MAT 252 mass spectrometer (Santrock et al. 1985) .
Short-term
14 C disequilibrium experiments-14 C assays were performed on 50-ml samples taken from the chemostat at steady state. Experiments were performed at growth temperature in temperature-controlled jacketed glass beakers with magnetic stirrers. Floating semitransparent plastic covers were used to decrease CO 2 exchange with the atmosphere. The experiments were carried out in front of the same light bank used in the continuous culture studies, and the irradiance was identical, 21.6 mol quanta m Ϫ2 s Ϫ1 . Sodium bicarbonate 14 C with a specific activity of 50-62 Ci mol Ϫ1 (Amersham Pharmacia Biotech; code number CFA3) was diluted to a final concentration of 2 Ci ml Ϫ1 in deionized water that had been previously aerated with nitrogen gas (grade 5; BOC gases) overnight and boiled for 1 h to remove inorganic carbon. To create the 14 C isotopic disequilibrium, 0.5 ml (1 Ci) of the final solution was added to the 50-ml sample in the form of 14 CO 2 . The 14 CO 2 was prepared immediately before the short-term 14 C experiments by acidifying NaH 14 CO 3 to a pH of ϳ3.2 with a 0.1% HCl solution. The 14 C injection increased the dissolved CO 2 concentration by Ͻ5% (0.32-0.40 M increase) in most cases and in no case by Ͼ15%. The injection decreased the pH by Ͻ0.1.
Samples (2 ml) were taken at timed intervals, with the first sample taken at 10 s. The samples were directly transferred to scintillation vials that contained 0.5 ml of 10% HCl to terminate 14 C incorporation and left overnight in a fume hood to degas inorganic 14 C (carbon that had not been fixed). Overnight degassing was experimentally shown to be sufficient to eliminate the unfixed inorganic radiocarbon. Twelve milliliters of the liquid scintillation cocktail Aquasol-2 (Packard Bioscience) were added to each sample, and the radioactive signal, which represents acid-resistant organic matter, was then measured in a Packard Tri-Carb 4640 scintillation counter.
Analytical model for the isotopic disequilibrium experiments-Carbonate (CO ) and HCO were considered as
one pool, the HCO pool, because CO /HCO interconver-
sion is nearly instantaneous (Johnson 1982 
where R is the rate of CO 2 uptake, SA is the initial specific 0 CO 2 activity of the CO 2 , SA DIC is the specific activity of the DIC, and CO 2 and DIC are the concentrations of carbon dioxide and dissolved inorganic carbon, respectively. Once the 14 C spike has equilibrated with the seawater, the specific activities of all forms of inorganic carbon are identical, and the final rate of 14 C uptake is given by the equation
where U is the uptake rate of all forms of DIC. Hence, the ratio of the initial to final 14 C uptake rate is
where f is the fraction of DIC uptake accounted for by CO 2 . Hence
Initial rate CO 2 f ϭ
Final rate DIC
The initial rate was estimated from the activity of 14 C in organic carbon after 10 s after correcting for the temperature dependent kinetic conversion of 14 CO 2 to 14 HCO by use of
equations from Johnson (1982) . Because the initial rate is roughly two orders of magnitude larger than the final rate, care must be taken to wait at least 9-10 half-lives (i.e., ϳ300 s; see below) before beginning to collect data for the determination of the final slope.
Results- Figure 1 shows the pattern of 14 C uptake during short-term isotopic disequilibrium experiments with P. tricornutum. The uncatalyzed half-isotopic equilibration time between 16ЊC and 22ЊC at a pH of 8 is on the order of 30 s (Espie and Colman 1986). As expected in the case of CO 2 uptake, the initial rate of 14 C uptake was much greater than the rate after isotope equilibration. Differences between curves are due to differences in growth rate, algal biomass, and the specific activity of the 14 C in solution. Hence, one cannot determine the relative proportion of CO 2 to HCO Ϫ 3 uptake simply by looking at the temporal increase in 14 C activity in the organic phase. The ratio of the initial slope to final slope and the DIC and CO 2 concentrations must be known. The values of f calculated when Eq. 4 was used indicate that HCO uptake in P. tricornutum clone UTEX Ϫ 3 642 is small (Fig. 2a, Table 1 ). CO 2 uptake is at least 84% of the total inorganic carbon uptake, even under conditions (organic) is the activity in the acidresistant organic matter. The variations between curves are due to differences in specific activity, algal growth, and density. The horizontal line is the average %CO 2 uptake (90%). SEs vary from 2.6% (/CO 2 ϭ 0.619) to 16.7% (/CO 2 ϭ 0.027). (b) Carbon isotope fractionation ( p ) vs. /CO 2 for P. tricornutum (diamonds, this study). The SE of the p is Ϯ0.05‰, and the SE of the /CO 2 measurements is about Ϯ5% of the mean value at the given growth rate. Triangle symbols are P. tricornutum (clone CCMP1327) data from Laws et al. (1997) . Diamond symbols are from this study. The dashed line is the relationship between p and /CO 2 predicted by the passive diffusion model of Laws et al. 1995 . The continuous line is a nonlinear fit to the data (see Laws et al. 1997) . of severe CO 2 limitation (i.e., high algal growth rate and low CO 2 concentration). Because of finite mixing and sampling times and the time required for 14 CO 2 to reach the site of carbon fixation within the cell, the initial rate of uptake in Eq. 4 tends to be underestimated. Hence, the figure of 84% must be regarded as a lower bound on the percentage of inorganic carbon uptake accounted for by CO 2 . HCO trans-Ϫ 3 port could be nonexistent in this clone of P. tricornutum, and, if present, is minor and most likely constitutive.
No experiments with carbonic anhydrase inhibitors were performed. Because extracellular CA would decrease the time required to reach isotopic equilibrium and would therefore lower the estimate of the initial slope, isotopic disequilibrium experiments with CA inhibitors would not significantly affect the %CO 2 uptake, which is already close to 100%. P. tricornutum clone UTEX 642 has in fact been shown not to produce external CA (John-McKay and Colman 1997).
The ratio of microalgal carbon specific growth rate to CO 2 concentration (/CO 2 ) is a useful proxy for the CO 2 demand/ supply ratio. Here it was used as a surrogate for the extent of CO 2 limitation to which the microalga was exposed. A Ͼ75-fold increase in /CO 2 (0.008-0.619 kg mol Ϫ1 d Ϫ1 ) did not significantly change the percentage of uptake accounted for by CO 2 (84% vs. 88% CO 2 uptake, respectively; Fig. 2a) . In other words, induction of HCO transport in Ϫ 3 response to CO 2 limitation was not observed. As opposed to what has recently been proposed with respect to natural populations (Tortell et al. 1997) , not only is HCO transport Ϫ 3 across the plasmalemma in P. tricornutum small (if any), but it is not inducible over the range of /CO 2 reported in field studies (Tortell et al. 2000) .
Discussion-Theoretical models predict that if passive diffusion of CO 2 accounts for all DIC uptake, the relationship between p and /CO 2 should be linear, and indeed this is the case for P. tricornutum when /CO 2 Յ 0.15 kg mol Ϫ1 d Ϫ1 (Fig. 2b) . However, the relationship becomes distinctly nonlinear at higher /CO 2 (Fig. 2b) , as has been reported in several laboratory and field studies on various microalgal species (Tortell et al. 2000) . Because HCO uptake appears Ϫ 3 to be minimal and is not inducible in this clone of P. tri-cornutum, the nonlinearity of the relationship between p and /CO 2 must reflect active uptake of CO 2 , as has been suggested by Laws et al. (1997) .
It has recently been argued on the basis of short-term inorganic 14 C uptake experiments that HCO is an important Ϫ 3 source of inorganic carbon for diatoms (Tortell et al. 1997 ). This scientific correspondence, entitled, ''Active uptake of bicarbonate by diatoms,'' has been frequently cited as evidence of bicarbonate uptake (Nimer et al. 1999; Lane and Morel 2000; Taraldsvik and Myklestad 2000; Burkhardt et al. 2001; Rau et al. 2001) . In the experiments presented by Tortell et al. (1997) , inorganic 14 C equilibrated in a seawater solution (P. D. Tortell, pers. comm.) was added to natural samples of seawater dominated by large diatoms. The fact that 14 C uptake was observed within 10 s was erroneously interpreted by the authors (p. 243) as evidence of ''active uptake of HCO in the field,'' and they argued, ''Carbonic Ϫ 3 anhydrase is therefore required to catalyze intracellular dehydration of actively imported HCO .'' Their conclusion
was based on the fact that Ͼ99% of the 14 C activity was present in the form of HCO . However, in tracer kinetics, Ϫ 3 the uptake of a labeled substrate is determined by the substrate's specific activity (e.g., activity per mol; see Eqs. 1 and 2), not its activity (Lambrecht and Rescigno 1983; Espie and Colman 1986) . Because the inorganic 14 C was allowed to equilibrate in a seawater solution prior to addition to the seawater samples, the specific activities of all forms of inorganic carbon were identical throughout the experiment. Hence, contrary to the authors' conclusions, the fact that uptake was observed during the first 10 s proved nothing regarding the form of inorganic carbon being taken up by the microalgae.
In contrast, if the inorganic 14 C spike is not initially in isotopic equilibrium with the inorganic carbon in the medium, the change in the rate of 14 C uptake as the 14 C equilibrates with the inorganic carbon in the medium may provide insights about the form of inorganic carbon crossing the plasmalemma (Espie and Colman 1986). The change in uptake rate will be most apparent if the spike contains 14 C primarily in the form of CO 2 (Elzenga et al. 2000) . Under these conditions, the initial specific activity of the CO 2 in the seawater will be ϳ100 times greater than the equilibrium-specific activity. The initial uptake rate of 14 C will therefore be ϳ100 times greater than the final uptake rate if the microalgae are taking up CO 2 exclusively. Comparison of the initial and final 14 C uptake rates therefore allows a quantitative assessment of the percentage of DIC uptake accounted for by CO 2 (Eq. 4, Fig. 1 ). To the extent that HCO was Ϫ 3 being taken up, a H 14 CO injection would produce only a Ϫ 3 small change in 14 C uptake kinetics over time, because the change in specific activity of H 14 CO would be small (i.e., Our results by no means preclude the possibility that some photosynthetic eukaryotes use HCO as an inorganic carbon Ϫ 3 source. In some cases, HCO conversion to CO 2 is catalyzed Ϫ 3 by an external carbonic anhydrase, and CO 2 is the form of inorganic carbon that crosses the plasmalemma (Elzenga et al. 2000) . Some eukaryotic microalgae may in fact actively transport HCO across the plasmalemma (Elzenga et al. , but reports that microalgae take up bicarbonate to the exclusion of CO 2 must be viewed with caution (Elzenga et al. 2000) , because there is no microalga whose plasmalemma is known to be impermeable to CO 2 . Indeed, the fact that carbon isotopic fractionation is always observed implies that some of the internal inorganic carbon leaks out of the cell and therefore that the plasmalemma is permeable to CO 2 .
Conflicting reports on carbon uptake mechanisms in P. tricornutum seem to be attributable to the use of different clones and growth conditions in culture studies. John-McKay and Colman (1997) found that P. tricornutum clone UTEX 642 lacks external CA activity. Our results are consistent with their work. Other strains of P. tricornutum show different levels of external CA activity (John-McKay and Colman 1997) . In contrast to the work of Rees (1984) , Dixon and Merrett (1988) , Colman and Rotatore (1995) , and Rotatore et al. (1995), we could not find evidence of direct bicarbonate transport across the plasmalemma. Burkhardt et al. (2001) recently showed that a different strain of P. tricornutum, also with low external CA activity, demonstrated a preference for CO 2 uptake, although HCO uptake was Ϫ 3 observed. They also found that Thalassiosira weissflogii, another marine diatom, preferentially takes up HCO and con-
currently has a high external CA activity. This result seems counterintuitive, because these two physiological processes (HCO transport and HCO conversion to CO 2 ) compete for
the same substrate. Because of the apparently large intraand interspecific variations in inorganic carbon uptake mechanisms among microalgae, extrapolation of our results from a single clone to natural populations or even to other clones of P. tricornutum is unjustified. The methodological approach we present in this note can be used to better understand carbon uptake in marine photoautotrophs. At issue is whether the form of inorganic carbon that crosses the plasmalemma is HCO or CO 2 . There Ϫ 3 is no question that some active transport is required in almost all cases. The fact that we did not observe an increase in HCO uptake in response to CO 2 limitation does not pre-
clude the presence of an inducible active CO 2 uptake mechanism. The short-term disequilibrium experiments only tell which form of inorganic carbon crosses the plasmalemma, not whether this transport is active or passive. Hence, it is probable that as /CO 2 became large, the cells were actively taking up CO 2 . In fact, Rotatore et al. (1995) found evidence of active CO 2 transport in this particular strain of P. tricornutum (UTEX 642).
To predict the response of the biological pump and oceanic carbon sequestration to increases in dissolved CO 2 concentrations, it will be important to perform definitive experiments to determine what forms of inorganic carbon are transported in various phytoplankton species. Isotopic disequilibrium experiments carried out on continuous growth cultures in combination with stable isotope fractionation experiments provide a powerful mechanism for addressing this question. 
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